, dopamine synthesis (Nir et al. 2000; Doyle et al. 2002) , gamma-aminobutyric acid (GABA) turnover rate and release (Jaliffa et al. 2001) , extracellular pH (Dmitriev and Mangel 2001) , electroretinogram (ERG) b-wave amplitude (Barnard et al., 2006; Storch et al. 2007 ), rod disk shedding Teirstein et al. 1980) , and UV opsin and rhodopsin gene expression (von Schantz et al., 1999,) , are all regulated in a circadian manner. In addition, the mammalian retinal clock and its outputs influence cell survival and growth processes in the eye including the susceptibility of photoreceptors to degeneration from light damage (Organisciak et al. 2000; Grewal et al. 2006) , photoreceptor survival in animal models of retinal degeneration (Ogilvie and Speck 2002) , photoreceptor and retinal ganglion cell viability during in aging (Baba et al. 2009 ), and the degree of refractive errors in primate models of myopia (Iuvone et al. 1991 ). In addition, circadian signals originating in the retina drive rhythms in the hypothalamic biological clock, even in the absence of light/dark cycles (Lee et al. 2003) .
Additional experimental evidence also suggests that other ocular structures (e.g., retinal pigment epithelium and cornea) possess functional circadian clocks that control important functions such a phagocytosis, disk shedding and cornea thickness (Yoo et al., 2005; Baba et al., 2010) . Interestingly, as seen in the SCN, it appears that the neural retina communicates the photic information to the other ocular structures via humoral signals (e.g., melatonin and dopamine) since these structures are not capable of direct light transduction (Baba et al., 2010) .
Molecular Organization of the Retinal Circadian Clock

Molecular basis of mammalian circadian rhythms
Circadian rhythms are generated by autoregulatory transcription/translation feedback-loops that generate near-24 hour cycles in gene expression and protein abundance (Takahashi et al. 2008) . In mammals, while more than a dozen genes contribute to this network, the core functional elements are six genes that directly participate in the negative feedback loop of the clock mechanism ( Figure 2 ). These genes are: the Period genes Per1 and Per2, the Crypotochrome genes Cry1 and Cry2, and the transcription factors Clock and Bmal1. CLOCK and BMAL1 are basic helix-loop-helix (bHLH) PAS domain transcription factors that form a heterodimeric transcription complex that periodically drives the expression of two Period genes (Per1, 2) and two Cryptochrome genes (Cry1-2) by binding to circadian E-box (CACGTG) enhancer elements in their promoters. Once, transcribed and translated, and the resulting PER and CRY proteins also form heteromeric complexes that translocate back into the nucleus to suppress their own transcription by inhibiting the action of CLOCK and BMAL1, forming the fundamental negative feedback loop at the center the molecular circadian clock (Takahashi et al. 2008) . A second feedback loop involves the transactivation of the Rev-Erbα and Rora genes by CLOCK/BMAL1. The protein products of these genes compete for binding to RRE elements in the Bmal1 promoter, driving a daily rhythm of Bmal1 transcription and closing the second feedback loop (Figure 2 ). Several studies also support the notion that there is some redundancy among the Per genes and Cry genes and an absolute requirement for Bmal1, when assayed using disruption of behavioral activity/rest cycles as an endpoint (van der Horst et al. 1999; Vitaterna et al. 1999; Bunger et al. 2000; Bae et al. 2001 ). In addition, the clock gene network drives extensive, tissue-specific transcriptional networks of clock-controlled genes (CCGs) that regulate rhythmic physiology and metabolism (Takahashi et al. 2008 ).
Expression of clock genes in the retina
Clock genes are widely expressed in the retina and early studies mostly focused on the overall expression of these important molecular components of circadian oscillators in the retina (Peirson et al., 2006 , Khampuis et al., 2005 Tosini et al., 2007a; Sandu et al., 2011; Schneider et al., 2010) . These studies indicated that the core genes were expressed in the neural retina with a profile not different from those reported from other tissues. However, it is important to mention that this type of approach has not provided much insight into the functioning of retinal circadian clocks because the retina is a highly heterogeneous tissue with circadian clocks in several types of cells. In situ hybridization studies have shown that clock genes may be expressed in different cell types and possibly with different phases . Therefore, measuring mRNA levels from the whole retina can only provide an overall average picture of what is likely a tissue with multiple circadian oscillators organized in cellular networks.
With regard to the cell-specific expression patterns, in rat retina Period1 (Per1) mRNA levels are low in photoreceptors and more abundant in the inner retinal neurons (Namihira et al., 2001) . A similar pattern has been observed with Bmal1 and Clock mRNAs (Namihira et al., 1999) . Two recent studies using laser capture microdissection (LCM) combined with RT-PCR support these early findings by demonstrating that low levels of most of the clock genes are present in rat photoreceptors (Tosini et al., 2007b) . In one study it was reported that the mRNA levels for Clock, Bmal1, Per1, Per3, Cry2 and Casein kinaseIε (CKIe)variations during 24 hrs in rats maintained in 12light:12dark cycle, whereas after 36 hours in DD only Clock and Per3 showed a significant variation during the 24-hr period (Schneider et al., 2010) . An additional study using the same experimental approach mostly confirmed previous work (Sandu et al., 2011) . Interestingly, they also reported that the mRNA levels in two CCGs in the photoreceptor layers (i.e., Aanat and c-Fos) were still rhythmic after 36 hrs of DD (Sandu et al., 2011) . Such results suggested that although the core clock genes are rhythmically expressed in the photoreceptors of rat maintained in light:dark cycles, these genes were not rhythmically transcribed in constant darkness. Although these results question the presence of a circadian clock in the rat photoreceptors, it must be mentioned that the cultured photoreceptor layer can express circadian rhythms in Per1-luc bioluminescence and melatonin synthesis (Tosini et al., 2007b) . However, since in this preparation some inner retinal neurons are still present (less than 5%) we cannot completely exclude that the circadian rhythms in these photoreceptor layers could be driven by these surviving inner retinal neurons.
In the mouse retina, the situation is much more complicated and the results obtained are rather contradictory. Initially, it was reported that Per1, Clock, and Bmal1 mRNAs were present and co-localize in photoreceptors and the inner retinal neurons (Gekakis et al., 1998) . Additional studies reported that photoreceptors do or do not express (Witkovsky et al., 2003 , Storch et al., 2007 Per1 transcripts. More recently Ruan et al. (Ruan et al., 2006) , using single cell RT-PCR, detected expression of circadian clock gene transcripts in a small percentage of photoreceptors. However, coexpression of the six core clock genes (Per1, Per2, Cry1, Cry2, Clock, Bmal1) within the same photoreceptor cells was not detected. In contrast, inner retinal neurons, and in particular DA neurons, co-express all of these clock genes (Witkovsky et al., 2003 , Gustincich et al., 2004 , Ruan et al., 2006 , Dorenbos et al., 2007 . Whether the failure to detect the full complement of clock genes in photoreceptors represents limits of detection or a lack expression is currently unknown.
A recently published article, in which LCM and qRT-PRC was also used, reported that all of the core clock genes are rhythmically expressed in the photoreceptors but not in the inner retina of the mouse (Dkhissi-Benyahya et al., 2013) ; unexpectedly the circadian rhythm in gene expression was lost in mice lacking melanopsin (Opn4 knock-out) and the photic induction of Per1 and Per2 in the outer retina was also lost (Dkhissi-Benyahya et al., 2013) . Thus melanopsin and its signaling is somehow involved in the functioning of the clockwork in the photoreceptors.
A recent study has investigated the expression of circadian clock proteins in the mouse retina (Liu et al., 2012) . In this paper the authors report that the core circadian clock proteins (CLOCK, BMAL1, NPAS2, PERIOD1, PERIOD2 and CRYPTOCHROME 2) are expressed in the outer and inner retina, but only in the cone photoreceptors do these proteins show a diurnal and circadian variation. Hence it is possible to speculate that a circadian clock is in the cone photoreceptors.
In conclusion although several studies have investigated the presence of circadian clock genes (mRNA and protein) in the mammalian retina the results are contradictory and not conclusive about the type(s) of retinal cells that contain the circadian clock. Interpretation of these studies is complicated by the fact that they have used techniques with widely differing limits of detection (e.g. in situ vs. RT-PCR, vs. LCM RT-PCR, vs single cell RT-PCR, vs. immunocytochemistry), and different methods of assessing the independence of cell populations (pharmacology vs. physical lesions vs. genetic lesions). Resolution of the existing ambiguities may lie in assays of individual cell rhythms in isolated cell culture to establish not just which retina cell types express clock genes, but which can act as functional circadian pacemakers.
Clock gene reporters as tools to understand retinal circadian organization
Additional studies have used rats or mice in which clock gene promoters or chimeric clock proteins are linked with luminescence or fluorescence reporters that provide an optic signal to measure the abundance of the gene. These new animal models, have been especially successful as real-time read-outs of circadian clock cycling in living tissues (Hastings et al. 2005) . These "clock gene reporters" have the advantage of monitoring components of the clock mechanism itself, rather than downstream neurochemical or physiological rhythms. In particular, real-time gene expression assays of the retina using transgene reporters that use bio-luminescent fire-fly luciferase have proven successful, as well as one using short halflife green fluorescent protein (GFP). The three reporter transgenics used most for experiments with mammalian retina are the Per1::Luc rat (Yamazaki et al., 2000) , PER2::LUC mouse (Yoo et al., 2004) , and Per1::GFP mouse Kuhlman et al., 2000) . Cultured retinas, isolated from transgenic mice and rats harboring luciferase-based clock gene reporters (Per1::LUC; PER2::LUC), demonstrate robust, persistent circadian cycles in bio-luminesce (Ruan et al. 2006; Ruan et al. 2008; Ruan et al. 2012 , Figure 3 ), both confirming the endogenous nature of the retinal circadian clock, as well as providing the means to examine the organization of the retinal circadian clock at the molecular level. Using this new technique, it has been possible to demonstrate that a circadian clock is present in the outer retina of the rat (Tosini et al., 2007) and in the inner retina of the mouse (Ruan et al., 2006; . In addition, this approach has been successfully used to demonstrate the presence of circadian clock in the RPE and cornea (Yoo et al., 2005; Baba et al., 2010) . These extra-retinal circadian clocks are also independent from the SCN, and the RPE clock requires retinal input to remain entrained to the light:dark cycle (Baba et al.., 2010) . An advantage of these real-time reporters is that they assay functional gene rhythms, rather than just the presence of clock genes.
While most circadian oscillators utilize CLOCK/BMAL1 heterodimers to drive the expression of clock genes and CCGs, neuronal PAS domain protein 2 (NPAS2; also known as MOP4), is a CLOCK homolog that is also capable of heterodimerizing with BMAL1 and activating circadian E-box promoter elements (Reick et al., 2001) . NPAS2 has overlapping roles with CLOCK in the suprachiasmatic nucleus and some peripheral clocks (DeBruyne et al., 2007) . An NPAS2 reporter mouse has been generated in which the bHLH domain has been replaced with lacZ; the mouse produces an NPAS2-lacZ fusion protein that is a functional null because it lacks the DNA binding domain (Garcia et al., 2000) . Using lacZ histochemistry and β-galactosidase immunohistochistry this fusion protein has been localized to a subset of retinal ganglion cells in the mouse retina, with no detectable expression in any other retinal cell type (Hwang et al., 2013) . This suggests that NPAS2 may play a unique role in retinal ganglion cell circadian clocks.
4 Genetic disruption of the clock gene network disrupts retinal circadian rhythms
The molecular organization of circadian clocks has been approached primarily by knockout of clock genes in mice followed by assays of behavioral or tissue rhythmicity. Individual clock genes have been defined as essential for clock function if circadian rhythmicity was lost following knockout. Functional redundancy was also explored by combining knockout mouse lines to produce double or even triple gene knockouts. In general, these types of experiments have demonstrated that the roles of individual clock genes varies across tissues, suggesting that there may be tissue-specific variants of the core circadian clockworks (Liu et al. 2007; Pendergast et al. 2010) .
Which clock genes are essential for expression of molecular circadian rhythms by the retina? How does the molecular organization of other neural and non-neural clocks compare with the retinal circadian clock? Using the electroretinogram (ERG) circadian rhythm as a functional assay, initial studies found that knockout of Bmal1, or of the two Cryptochrome genes, Cry1 and Cry2, each ablated rhythmicity in the photopic ERG (Storch et al. 2007; Cameron et al. 2008 ). In addition, loss of Bmal1 disrupted circadian rhythms of retinal gene expression, consistent with its role as a core clock gene (Storch et al. 2007 ). Further studies, using retinas explanted from PER2::LUC and Per1::LUC mouse retinas, showed that in addition to Bmal1, the Per1, Cry1 and Clock genes are each required individually in order for the retina to express molecular circadian rhythms; whereas Per2, Per3 and Cry2 are dispensable . Interestingly, the suprachiasmatic nuclei explanted from the same animals as the retinal explants, showed qualitatively similar, but quantitatively different effects of the same gene knockout. Knockout of Per1, Cry1 or Clock decreased robustness of molecular SCN rhythms, but the disruption was less dramatic than the effect of those same gene knockouts on retinal molecular rhythms -only knockout of Bmal1 alone can abrogate SCN molecular rhythms. While, the effects of gene knockout on the robustness of these two neural circadian clocks differed only in degree, the effects on the intrinsic period of molecular rhythms were divergent. Knockout of Per1 or Per3 shortened the circadian rhythm of retinas, whereas knockout of Clock lengthened retinal period. In contrast, Per1 knockout in the SCN lengthened circadian period, while period length of Per3 and Clock knockout SCN was unaffected. Thus, the retinal neural clock has a unique clock gene dependence, with the amplitude and robustness of molecular rhythms more vulnerable to gene knockout than the SCN clock, and with divergent regulation of rhythmic period by the Period genes ( Figure 4 ).
One explanation for the increased effects of clock gene knockouts in the retina could be that neurochemical coupling of neurons is weaker in the retina than in the SCN, where it has been suggested that coupling buffers against genetic perturbation of the clock (Liu et al. 2007 ). This suggests that the retinal clock may in general be more vulnerable to gene mutations, and that there may be disturbances in retinal rhythms in human or animal genotypes in which SCN-driven rhythms appear normal. It should be noted however, that this tissue-level analysis leaves open the question of whether loss of rhythmicity in knockout retinas is due to cell-autonomous effects on cellular clocks or to the desynchronization of clock cells.
Cellular Organization of the Retinal Circadian Clock
3.1.Generation of retinal circadian rhythms is distributed among many cell types
The forgoing experiments measured gene expression in whole tissue retinal explantstreating the retina as a homogenous tissue with regard to clock function. Of course, the retina is not at all homogeneous but consists of 6 classes of neurons -rods, cones, horizontal cells, bipolar cells, amacrine cells and ganglion cells, each with multiple subtypesexquisitely ordered in 3 nuclear and two synaptic layers. Which retinal cell types then generate circadian rhythms, i.e. which cells are the clock cells of the retina?
To address this question, two general approaches have been used: the cell-specific distribution of clock gene expression in the retina was mapped to determine which cell types expressed the genetic components of the circadian clock, and the ability of cell-types or retinal layers to generate circadian rhythms in isolation was examined. In non-mammalian vertebrates, circadian clock gene expression is concentrated in the outer nuclear layer where the photoreceptors are located, as typified by the African Clawed frog Xenopus laevis, in which isolated retinal photoreceptor layers continue to express circadian rhythms in melatonin synthesis (Cahill and Besharse 1993) , and in chicken photoreceptors, which express rhythms in opsin gene synthesis (Pierce et al. 1993) in ion channel activity , and cyclic AMP accumulation (Ivanova and Iuvone, 2003; Chaurasia et al., 2006) . The retinas of many species of fish exhibit circadian rhythms in retinomotor movements of cones (Burnside, 2001) , a phenomenon absent from mammalian retinas. Photoreceptorspecific expression of a dominant negative form of the Clock gene, which breaks the circadian transcription/translation feed back loop, blocks the rhythms of melatonin synthesis in frog retinas (Hayasaka et al. 2002) , with most of this effect apparently due to abrogating clock cycling in rods (Hayasaka et al. 2010) . Thus, in non-mammalian retinas, there is compelling experimental evidence that photoreceptor cells contain an endogenous circadian clock that drives circadian rhythms within these cells.
The circadian organization of the mammalian retina is more complex and is still unclear which retinal cells harbor a circadian clock. As seen in Xenopus and chicken retinas, rhythmic melatonin synthesis occurs in the photoreceptors in vivo and in vitro (Tosini et al., 2007b) hence suggesting that photoreceptors are putative clock cells in the mammal as well. However, clock gene mRNAs and proteins seem to be predominantly concentrated in the inner nuclear layer (Gekakis et al. 1998; Miyamoto and Sancar 1998; Ruan et al. 2006; Liu et al. 2012) and their levels in the photoreceptors are low or absent (Ruan et al., 2006 , Dorenbos et al., 2007 .
Several inner retina cell types (i.e., horizontal cells, bipolar cells, dopaminergic amacrine cells, and ganglion cells) express most of the core clock genes (Ruan et al. 2006) . The cell type with the highest rate of clock gene expression is the dopaminergic amacrine cell (Ruan et al. 2006; Dorenbos et al. 2007 ) and since dopamine is secreted with a circadian rhythm it has been proposed that these cells are the loci of the retinal circadian clock (Ruan et al., 2006 , Dorendos et al., 2007 . This hypothesis is supported by strong experimental data demonstrating that they express key clock components at the protein level (Witkovsky et al. 2003; Gustincich et al. 2004; Dorenbos et al. 2007) . Although this experimental evidence would suggest that these dopaminergic neurons contain a circadian clock that via dopamine release regulates additional circadian rhythms within the retina, it is important to mention that in melatonin deficient mice the daily rhythm in dopamine, or its metabolites, does not persist in constant darkness (DD) whereas it does in melatonin-synthesizing mice (Doyle et al., 2002a) . Also, the Aanat mRNA circadian rhythm, which in part drives the rhythm of melatonin synthesis, is still present in rat retinas in which dopaminergic neurons have been destroyed and dopamine levels are low and not rhythmic (Sakamoto et al., 2006) . The independence of the circadian rhythm in melatonin synthesis from dopamine has been also observed in chicken (Zalwiska and Iuvone, 1992; Thomas et al., 1993) . Thus these results indicate that melatonin is required for the circadian regulation of DA release, but DA is not required for the circadian regulation of melatonin synthesis. It is important to point out that although circadian rhythms in dopamine content are absent from mouse retinas lacking melatonin (Doyle et al., 2002a) , a circadian rhythm in dopamine signaling is still likely maintained in these retinas due to rhythmic expression of the gene coding for the dopamine D4 receptor (Jackson et al., 2011) .
Another possible explanation for the somewhat contradictory results relating melatonin and dopamine in retinal circadian organization can be found in the observation that other inner retinal neurons may be the loci for circadian clock and drive circadian rhythmicity in the retina. Among other identified amacrine cell types, the nitric oxide synthase (NOS) expressing amacrine cells also express the Per1::GFP reporter rhythmically, as do the broad class of GABA secreting amacrine cells, which include the dopamine neurons (Zhang et al. 2005) . In contrast, the glycinergic amacrine cell class does not express the Per1::GFP clock gene reporter rhythmically (Zhang et al., 2005) . Thus, there is substantial evidence that GABAergic retinal amacrine cells, which comprise the majority of amacrine cells in the mammalian retina including the dopamine neurons, express circadian rhythms in clock gene abundance in the intact retina.
The other inner nuclear layer neuronal cell types, horizontal cells and bipolar cells, also express the core circadian clock genes (Ruan et al., 2006; Liu et al. 2012) . Whether the gene transcripts cycle rhythmically in these cells as well has not been tested. However, imaging of a bioluminescent reporter of PER2 has shown that the circadian cycling of gene abundance occurs across the entire depth of the inner nuclear layer, and is therefore likely to be produced by all three neuronal cell types of that layer -horizontal cells, bipolar cells, and amacrine cells, and possibly by Müller glial cells.
Retinas obtained from mice in which the photoreceptors have degenerated (rd/rd), but with an intact inner nuclear layer, continue to generate molecular circadian rhythms of the bioluminescent PER2 reporter gene, and other clock genes as well (Ruan et al. 2006 ). In addition, retinas from a mouse strain in which melatonin synthesis is genetically disrupted also show robust circadian gene expression rhythms similar to strains that can synthesize melatonin (Ruan et al. 2008) . Thus, neither the physical presence of the photoreceptors, nor their secreted circadian neuro-hormone melatonin, is necessary for the inner retinal expression of molecular rhythms.
The clock genes are also expressed in some ganglion cells in the mammalian retina, including the intrinsically photoreceptive retinal ganglion cells (ipRGCs) that communicate the photic information to the SCN. These ganglion cell photoreceptors exhibit daily rhythms in the expression of the melanopsin pigment gene that are influenced by light and dopamine (Sakamoto et al. 2004; Sakamoto et al. 2005; Mathes et al. 2007 ), suggesting that they may be clock neurons generating endogenous circadian rhythms. Indeed, there are daily rhythms in the responsiveness of ipRGCs to light (Weng et al. 2009 ), and in the amplitude of the pupillary light response driven by these cells (Zele et al. 2011) , indicating circadian modulation in the function of these retinal ganglion cells. However, there have been no direct measurements of clock gene rhythms in these or other ganglion cell types to address the question endogenous vs. exogenous generation of these rhythms.
A recently published study has reported that removal of the melanopsin induces significant changes in the expression of clock genes in the photoreceptors layer and that the presence of melanopsin is required for the photic induction of Per1 and Per2 mRNA in the photoreceptors (Dkhissi-Benyahya et al., 2013) . These authors also reported that the lightinduced (480 nm, 15 min) increase of tyrosine hydroxylase (TH) mRNA and of dopamine requires melanopsin, and that in mouse retinas lacking the melanopsin gene, DA and DOPAC levels during the early part of the subjective day were elevated compared to wild type controls. These results suggest that DA is an important factor in the regulation of retinal circadian rhythms and ipRGGs may play a still unappreciated role in the cellular network responsible for the synchronization of retinal daily and circadian rhythms.
To summarize the findings on clock genes and cells in the retina -in non-mammalian vertebrate retinas the photoreceptors contain endogenous clocks that synthesize melatonin rhythmically and control photoreceptor function through circadian expression of ion channels and visual pigments. Both rods and cones can generate endogenous circadian rhythms, with the rods contributing the majority of melatonin synthesis. Clock genes are expressed at lower levels in the inner retina and it is not clear if cell types in those layers can generate endogenous rhythms.
In contrast, in the mammalian retina there are likely multiple sites of molecular circadian rhythm generation within the retina. There are low levels of clock gene expression in the photoreceptor layer, perhaps primarily limited to cones, which make up a small percentage of the cells. However, the cones themselves, and the photoreceptor layer in isolation, may express molecular circadian rhythms. In addition, clock gene expression is concentrated within the inner nuclear layer, where the GABAergic class of amacrine cells, including in particular the dopaminergic amacrine cells, as well as the retinal Müller glia, can express circadian rhythms in clock gene expression. This inner retinal circadian clock generates molecular circadian rhythms independent of photoreceptors and melatonin, and likely influences the photoreceptors and other retinal neurons through the rhythmic secretion of dopamine. Finally, also it appears that the ipRGCs are involved in the generation and entrainment of retinal circadian rhythms.
Neurochemical Organization of the Retinal Circadian Clock
Intercellular coupling may not be necessary for rhythms generation
Studies of the molecular organization of the retinal circadian clock revealed that multiple cell types may be genetically capable of generating and expressing circadian rhythms. How are these multiple cell type oscillators then organized into a tissue-level clock? Is neurochemical communication between cell types required for the retinal rhythms generation? Of the major neurotransmitters and neuromodulators in the retina -glutamate, GABA, glycine, acetylcholine, dopamine and melatonin -melatonin, dopamine and GABA are known to be secreted with a circadian rhythm (Tosini and Menaker 1996; Jaliffa et al. 2001; Doyle et al. 2002a; Doyle et al. 2002b ) and could serve as synchronizing signals throughout the retina. Cellular coupling through gap junctions is also prominent in retinal circuits, and serves to couple clock cell populations in invertebrate retinal clocks (Block and McMahon 1984) . In addition, in the SCN neural clock spike-mediated neurotransmission and the neuropeptide vasoactive intestinal polypeptide (VIP) are required to maintain cellular synchronization and tissue-level rhythms (Yamaguchi et al. 2003; Aton et al. 2005; Maywood et al., 2006) . Comprehensive testing of the necessity for retinal molecular rhythms generation of each of the major neurotransmitters, plus spike mediated transmission and gap junctions with pharmacological agonists, antagonists and genetic knockouts revealed that individually none of these mechanisms of neurotransmission was necessary for tissue level retinal molecular rhythms, as read out by the PER2 bioluminescence reporter gene (Ruan et al. 2008) . Blockade or saturation of neurotransmission through glutamate, GABA, glycine, acetylcholine, dopamine, melatonin, gap junctions or spikes did not block the production of molecular rhythms in explanted whole retinas.
Taken together, these results suggest that unlike the SCN neural clock in which cellular coupling is critical for maintenance of cellular and tissue level rhythms, the cellular coupling among clock cells in the retina may be minimal. The model for retinal rhythms generation most consonant with these data is that retinal clock cells are distributed throughout the retinal layers and generate molecular rhythms in a cell-autonomous manner. Consistent with this notion, the damping rate of the retinal clock in vitro is about 5-fold faster than that of the SCN clock (Ruan et al. 2008) , possibly due to individual cell clocks becoming desynchronized much more quickly. How does the retinal clock as tissue then maintain cell synchronization? One possibility is that since the retina is normally exposed directly to the daily light-dark cycle, that this strong external synchronizing input is sufficient to maintain rhythmic organization of the individual cell oscillators in the absence of strong cellular coupling mechanisms.
Entrainment of the retinal clock involves intra-retinal signaling by dopamine
While none of the major neurotransmitters of the retina were found to be necessary for rhythms generation, two did have striking effects on other fundamental properties of the retinal circadian clock -altering dopamine levels resets the retinal circadian clock, while changing GABA levels changes the amplitude of the PER2 bioluminescence rhythms. Dopamine is secreted in the retina with a circadian rhythm, with elevated levels in the daytime portion of the circadian cycle, and it is also released in the retina in response to light in both mammalian and non-mammalian retinas. The sole source of dopamine in the retina is the dopaminergic amacrine cells of the inner nuclear layer, which receive light input from rods and cones through bipolar cells, and from ipRGCs through retrograde intra-retinal transmission (Zhang et al. 2008; Zhang et al. 2012 ). Dopamine released from amacrine cells has widespread effects throughout the entire retina -with dopaminergic cells in many species elaborating interplexiform processes that innervate horizontal cells, bipolar cells and photoreceptor terminals of the outer retinal layers, and there is evidence for volume transmission of dopamine by diffusion as well (Witkovsky 2004 ).
The receptors for dopamine are also widespread in retinal circuits -of particular relevance here are the expression of D2 family dopamine receptors (D2 or D4) on photoreceptors in a range of species (Cahill and Besharse 1991; Cohen et al. 1992) . A role for retinal dopamine in light resetting of the retinal clock was first shown in Xenopus, in which blockade of dopaminergic transmission through D2-like receptors was shown to block light -induced phase shifts of melatonin secretion (Cahill and Besharse 1991) . Since melatonin is primarily synthesized in photoreceptors, this suggests a somewhat puzzling mechanism in which the clock within photoreceptors is not reset directly by the light signal transduced by the photoreceptors, but instead is reset indirectly by feedback from dopaminergic amacrine cells. Indeed, light-induced dopamine release causes the induction of the Period2 clock gene in Xenopus photoreceptors (Besharse et al. 2004 ), a putative mechanism of clock resetting. Similarly, in mouse retina, blockade of dopaminergic signaling blunts light effects on Per2 bioluminescence rhythms, but in this species D1 dopamine receptors play a more prominent role (Ruan et al. 2008 ). In addition, light induced dopamine acutely stimulates the expression of Period clock genes in the retina, an effect that is blunted by knockout of D2 receptors .
Although it seems odd that rod and cone photoreceptors might, in a sense, ignore their own phototransduction for resetting of their clocks, one speculation is that the retrograde drive of the ipRGC's on dopamine cells , which provides a much more sustained drive to dopamine neurons than rod/cone input, is a key factor in circadian entrainment of the retinal clock. This speculation is attractive as the ipRGCs would then serve entrainment of both the retinal and brain clocks, ensuring synchronization of these two neural oscillators (Zhang et al. 2008) . Indeed, light-induced dopamine responses and dopamine rhythms have generally been found to be preserved in rod/cone degenerate retinas in which melanopsin ganglion cells could serve as the remaining photoreceptors (Morgan and Kamp 1980; Nir and Iuvone, 1994; Doyle et al. 2002b; Vugler et al. 2007) , presumably due to melanopsin ipRGC drive to dopaminergic neurons, (but see (Cameron et al. 2009) ). In addition, it has been demonstrated in Xenopus that phototransduction in rods drives the contraction of red cones, again indirectly through dopamine (Besharse and Witkovsky, 1992) . In any case, though the precise circuitry remains to be established, it is clear that dopamine acts as a critical input to the clock neurons in the retina, mediating the effects of light on clock phase.
Earlier studies have reported the presence of at least two photopigments in the retinal pigment epithelium (RPE), including melanopsin (Peirson et al., 2004) , and it has been suggested that the RPE is directly photosensitive (Peirson et al., 2004) . Indeed, in neonatal rat until postnatal day 3, Per1 and c-fos expression in the RPE can be induced by a pulse of light (Mateju et al., 2007) . However, Baba et al., (2010) reported that PER2::LUC bioluminescence circadian rhythm in isolated RPE-choroid were not affected by a light pulse, suggesting that the circadian clock in the RPE-choroid is not directly capable of light perception. They suggested the light entrainment of the circadian rhythm of the PER2::LUC bioluminescence rhythm in the RPE-choroid may depend on the retinal photoreceptor. The mechanism by which this information is transmitted from the photoreceptor to the RPE is unknown, but it may involve diffusible factors such as melatonin and dopamine, two wellknown modulators of retinal circadian rhythms . Indeed, in a follow up study they reported that dopamine, but not melatonin, can phase-shift the circadian rhythm of PER2::LUC bioluminescence in the RPE thus suggesting that dopamine may be the signaling molecule that the retina uses to entrain the circadian clock located in the RPE.
GABA signaling influences the amplitude of retinal circadian rhythms
GABA is the principal fast inhibitory neurotransmitter in the retina, and the primary sources of GABA secretion are horizontal cells and amacrine cells. There are two major classes of GABA receptors GABA A receptors, which are ionotropic Clion channels, and GABA B receptors, which are metabotropic G-protein coupled receptors. Isoforms of these two receptor classes are widely expressed in retinal circuits and the retina is particularly rich in the rho isoform of GABA A receptor subunits, which is sometimes called the GABA C receptor (Qian and Dowling 1993) . GABA levels fluctuate in the retina in a circadian rhythm, with elevated levels in the night portion of the circadian cycle (Jaliffa et al. 2001) .
Pharmacological blockade of GABA A and GABA C receptors significantly increases the amplitude of PER2 bioluminescence rhythms by retinal explants, indicating that endogenous retinal GABA A neurotransmission, including GABA A rho-containing receptors, partially dampens the amplitude of gene cycling in the retinal circadian clock (Ruan et al. 2008) . Indeed, increased stimulation of GABA A receptors with agonists greatly dampens the amplitude of the retinal circadian clock, and at high doses actually stops the motion of the molecular clock. These effects can be partially reversed by counteracting the hyperpolarizing effects of GABA-induced Clflux on cell membrane potential, and fully reversed when casein kinase epsilon (CKI e ), an enzyme that promotes the degradation of PERIOD proteins through regulating their phosporylation, is also inhibited (Ruan et al. 2008) .
The function of the GABAergic effects on retinal clock gene cycling is less clear than that of dopamine, but one speculation is that whereas dopamine is a circadian signal for the day phase in the retina, GABA may be a circadian signal that reinforces the night phase. The night-time peak in retinal GABA levels could be due to prolonged depolarization of GABAsecreting horizontal cells in the dark, resulting in prolonged secretion of GABA. Whereas, daytime circadian and light drive on dopamine secretion serves to reinforce the rise in the expression of Period clock genes during the day portion of the molecular circadian cycle, night-time GABA-mediated stimulation of PERIOD protein degradation may reinforce the falling phase of the clock gene cycle that occurs at night, removing these negative feedback complexes and preparing retinal clock neurons for initiation of the next cycle of Period gene transcription at dawn. Interestingly, GABA A receptors have been found to physically associate with CKI e in SCN clock neurons, although no function has been ascribed (Ning et al. 2004 ). Thus, elevated GABA A signaling at night may reinforce the degradative portion of the Period clock gene cycle, in counter point to dopamine's reinforcement of the synthetic portion of the cycle during the day.
Outputs of the Retinal Circadian Clock
Melatonin and Dopamine are key elements of the ocular circadian system
Many studies have focused on the function of melatonin and dopamine in the retina and the available data indicate that these two neuro-hormones are involved in many aspects of retinal physiology and the pathology . The roles played by these two neuromodulators within the eye is now well understood due to the use of transgenic animal models in which the retinal melatonergic or dopaminergic system has been disrupted ( Figure  5 ).
In mammals, retinal melatonin synthesis is under control of the circadian clock and removal of the suprachiasmatic nucleus (SCN) of the hypothalamus clock does not abolish the circadian rhythm of Aanat transcription in the rat retina (Sakamoto et al, 2000) . Additional studies have also shown that a circadian rhythm in melatonin release could be recorded for several days when the retinae were maintained in culture (Tosini and Menaker 1996; 1998a) ; these retinal explants could be entrained by light in vitro (Tosini and Menaker 1996; 1998a) and the circadian rhythm in melatonin release is temperature compensated (Tosini and Menaker 1998b) . In addition, a genetic mutation that affects the period of the circadian oscillation (i.,e. the tau mutation in the hamster) affects the period of the retinal clock controlling melatonin synthesis and of disk shedding in the same manner that this gene influences the period of the circadian pacemaker located in the brain (Tosini and Menaker 1996; Grace et al., 1996) . Thus, the molecular clockwork in the retina is broadly similar to the molecular clockwork in the SCN., but with specific differences in its dependence on the individual clock genes (see Section 2.4).
Compelling experimental evidence also indicates that circadian clock driving melatonin synthesis is located within the outer nuclear layer since in Xenopus, chicken and rat; rhythmic melatonin synthesis persists in retinae in which the inner retina has been destroyed (Cahill and Besharse 1993; Zawilska and Iuvone 1992; Thomas et al, 1993; Sakamoto et al, 2006 : Tosini et al., 2007b . Moreover in mice lacking rod photoreceptors (i.e., rd/rd mice) melatonin synthesis is not rhythmic (Tosini and Menaker 1998a) . However it is still unclear whether the circadian clock that drives the rhythm of melatonin synthesis is intrinsic to the rod photoreceptors (where melatonin is mostly synthetized, Liu et al., 2004) or whether interactions among rods and cones are necessary to generate this circadian rhythm. Interestingly, immunocytochemical (Liu et al., 2012) and physiological evidence (Barnard et al., 2006; Storch et al., 2007) supports the idea that, at least in the mouse, the cones contain a circadian clock.
In the rat and chicken retina the circadian rhythm in melatonin synthesis is generated by changes in the transcriptional and post-transcriptional regulation of arylalkylamine Nacetyltransferase (AANAT) , Figure 6 ). The transcription of the Aanat gene in photoreceptor cells is under the direct control of the circadian clock via the action of BMAL1:CLOCK heterodimer on the E-box located on Aanat promoter (Chen and Baler 2000; Fukuhara et al, 2004; Haque et al., 2010) . Dopamine (DA) is the primary catecholamine in the retina. This neuromodulator is synthetized and released from unique populations of cells in the inner nuclear layer that are either amacrine or interplexiform neurons (Witkovsky 2004) . Although the number of dopaminergic neurons in the retina is small (about 500 in the mouse retina, Sengupta et al, 2011) , dopamine has widespread effects within the retina. The daily changes in dopamine synthesis and release depend from the interaction between the photoreceptors and the dopaminergic neurons, and dopamine release is stimulated by light (Iuvone et al, 1978; Nir et al, 2000) .
Melatonin and dopamine exert their influence by binding to G-protein coupled receptors (GPCRs) named melatonin receptor type 1 (MT 1 ) and type 2 (MT 2 ) and dopamine receptors 1-5 (D1-D5). MT 1 and MT 2 receptors are both present in the vertebrate retina (reviewed in: Wiechmann and Summers 2008). In rodents MT 1 receptors are found on photoreceptors, horizontal cells, and amacrine cells, in the inner plexiform layer, on retinal ganglion cells (RGCs), and the retinal pigment epithelium (RPE) (Fujieda et al, 1999 , Baba et al., 2009 Sengupta et al., 2011) . Dopaminergic neurons may also express MT 1 receptors (Fujieda et al, 2000) , suggesting that melatonin can directly modulate the activity of these cells. In humans, melatonin receptors (MT 1 and MT 2 ) have been located on the rod photoreceptors and on RGCs (Savaskan et al, 2002; Scher et al, 2002; Meyer et al, 2002; Savaskan et al, 2007) . The colocalization of MT 1 and MT 2 receptors in photoreceptors suggests that these receptors may form heteromeric complexes in vivo, as demonstrated previously in vitro (Ayoub et al., 2004) . Indeed a recent paper has demonstrated that in the mouse photoreceptors melatonin receptors can form functional heteromers that mediate the action of melatonin in these cells (Baba et al. 2013) . The fact that melatonin receptors are expressed on the same cells responsible for its synthesis also suggests that melatonin may feedback on the photoreceptors to regulate its own levels or to produce other autocrine effects.
Dopamine receptors (D 1 -D 5 ) are organized in two different families (D 1 -and D 2 -like). The D 1 family includes the D 1 and D 5 receptors that are positively coupled with adenylyl cyclase (i. e., their activation increases the intracellular levels of cAMP). Although the D 1 and D 5 receptors have similar pharmacologies with respect to selective agonists and antagonists, the D 5 receptor has a much higher affinity for DA than does the D 1 receptor. The D 2 family includes the D 2 , D 3 and D 4 subtypes and these receptors are negatively coupled with adenylyl cyclase (i.e., their activation decreases the intracellular levels of cAMP).
As seen for the melatonin receptors, dopamine receptors also have a widespread distribution in the mammalian retina and therefore is not surprising that dopamine can influence many retinal functions. D 1 receptors have been localized in the outer and inner plexiform layers and within the cells bodies of horizontal cells, some cone bipolar cells, amacrine cells and perhaps in the ganglion cells (Nguyen-Legros et al, 1999) . D 5 receptor mRNA appears to be present in the RPE (Versaux-Botteri et al, 1995), but is expressed at relatively low levels in the neural retina (Jackson et al, 2009 ). D 2 receptors (D 2 ) are widely expressed in the retina and function as both postsynaptic receptors and autoreceptors that inhibits dopamine release. D 2 receptors are expressed by amacrine, bipolar, and ganglion cells (Derouiche and Asan 1999; Nguyen-Legros et al, 1999) and possibly on the intrinsically photosesensitive RGCs (ipRGCs, Sakamoto et al, 2005) . D 2 -like immunoreactivity has been found in mouse photoreceptors , but these cells do not appear to express the Drd2 transcript, which encodes the receptor (Cohen et al., 1992) . D 4 receptors transcripts have been detected in the photoreceptors, interplexiform layer (IPL) and ganglion cells (Cohen et al., 1992; Kay et al, 2011) , but expression appears to be highest in photoreceptors. D 3 receptors seem to be absent from the retina (Jackson et al, 2009) .
Several studies have shown that melatonin and dopamine play opposing roles in the regulation of retinal adaptive physiology (reviewed in: Iuvone et al, 2005; Tosini et al, 2008 , Figure 5 ). Dopamine functions as a humoral signal for light, producing light adaptive physiology, whereas melatonin produces dark-adaptive effects.
Melatonin inhibits the release of dopamine through an action on melatonin receptors (Dubocovich 1983; Boatright et al, 1994; Ribelayga et al, 2004) , whereas dopamine inhibits melatonin synthesis and release from photoreceptor cells by acting on D 2 -like dopamine receptors, presumably the D 4 subtype (Zawilska and luvone 1992; Zawilska et al., 1994; Nguyen-Legros et al, 1996; Tosini and Dirden 2000) . Therefore, these two neuromodulators form a cellular feedback loop functioning to regulate circadian retinal physiology ( Figure 5 ). Although experimental data indicate that retinal dopaminergic cells in the retina contains the core molecular component of the circadian clock (Ruan et al, 2006 ), it appears that the circadian rhythm of dopamine release depends on the presence of the circadian rhythm in melatonin levels.
Dopamine appears to play a highly conserved role in retinal clock entrainment. Dopamine is required to synchronize circadian rhythms of rhodopsin promoter activity in Zebrafish rods (Yu et al., 2007) , and stimulates Per2 induction and shifts the phase of the circadian clock in Xenopus photoreceptors (Cahill and Besharse, 1993; Steenhard and Besharse, 2000) . Emerging experimental evidence also indicates that DA signaling plays an important role in the regulation of circadian rhythms in the mouse retina (Ruan et al, 2008; Pozdeyev et al, 2008; Jackson et al, 2011; Jackson et al, 2012) . Ruan et al (2008) demonstrated that the circadian rhythm in PER2::LUC bioluminescence observed in inner retina is phase-shifted by of D 1 R agonist, whereas D 4 R may be involved in the entrainment of the photoreceptor circadian clock Jackson et al, 2011) . Dopamine can phase shift rhythms of gene expression and regulates protein phosphorylation in photoreceptors via the D 4 R. Furthermore, D 2 R knock-out mice showed a significant reduction in the light induction of Per1 in the retina and CLOCK:BMAL1 transcriptional activity is augmented by activation of D 2 R . D 2 R signaling also contributes to the stability of BMAL1 protein (Sahar et al, 2010 ). The precise molecular mechanisms by which dopamine may drive the entrainment of the circadian clock is still unknown, but is believed to involved the induction of the Period1 (Per1) and/or Period2 (Per2) mRNA to drive the resetting process (Akiyama et al, 1999; Albrecht et al, 2001) . However, it is important to note that the induction of Per1mRNA is positively coupled with activation of cAMP response element-binding protein (CREB) located on the promoter region of the Per1 gene (Obrietan et al, 1998 (Obrietan et al, , 1999 whereas D 2 -like receptors are negatively coupled with adenylyl cyclase and thereby lead to a decrease of cAMP levels. Thus it is unlikely that D 2 R activation induces Per1 mRNA via activation of the cAMP signaling pathway. Per1 mRNA induction in the retina may be regulated by cAMP-independent signaling pathways since photic induction of Per1 mRNA is dramatically decreased in D 2 R deficient mice and a functional CRE is not required for its induction .
Melatonin may also influence the circadian clock in the retina since the amplitude and the phase of Per1 and Cry1 mRNA and protein in the mouse retina is different between melatonin proficient and melatonin deficient mice .
Regulation of Gene Expression by the Circadian Clock
One of the fundamental functions of the circadian clock gene network is to drive tissuespecific networks of clock-controlled genes to underpin circadian physiology. Early work in the retina demonstrated light-induced as well as circadian clock control of opsin gene expression in the photoreceptors of non-mammalian vertebrates (Korenbrot and Fernald 1989; Pierce, et al. 1993) , and recently this issue has been examined on a genomic scale to define the circadian transcriptome of the mammalian retina (Storch et al. 2007 ). Using gene microarrays to characterize global retinal gene expression across multiple time points in LD and in DD, Storch et al., (Storch et al. 2007 ) found that ca. 3000 genes cycled in a lightdriven manner in LD and ca. 300 retinal genes continued to cycle under clock control in DD. The circadian clock-controlled retinal genes came from classes that contributed to many basic neural and cellular functions such as synaptic transmission, photoreceptor signaling, intercellular communication, and regulation of the cytoskeleton and chromatin. Thus, the transcriptional regulation of retinal gene expression by the retinal clock is a critical mechanism for its widespread control of retinal function and metabolism. Interestingly, the retinal clock molecular mechanism also contributes to light-regulation of gene expression, as knockout of the molecular clockworks also disrupted rhythmic gene expression in LD cycles (Storch et al. 2007) .
A similar approach has been also recently used to identify genes that are involved in the circadian regulation of the photoreceptor phagocytosis (Mustafi et al., 2013) . The authors of this study identified 365 protein-coding transcripts that show a circadian oscillation, interestingly several of these oscillating proteins implicate the phosphoinositide lipid signaling pathway in the circadian regulation of photoreceptor phagocytosis (Mustafi et al., 2013) .
Finally, a study has also investigated the circadian proteomics of the mouse retina and identified several proteins that showed a circadian pattern of expression (Tsuji et al., 2007) . These proteins were involved in vesicular transport, calcium-binding, protein degradation, metabolism, RNA-binding and proteins folding. In conclusion, the widespread transcriptional and post-transcriptional control by the retinal circadian clock suggests that disruption of the retinal molecular clockworks is likely to be involved in the pathogenesis of eye diseases.
Signaling by the Retinal Clock to the Brain and from the Brain Clock to Retina
The retina signals the daily light dark cycle to the hypothalamic SCN circadian clock through a specialized subset of intrinsically photosensitive retinal ganglion cells that express the photopigment melanopsin (Berson 2003) . However, in addition to these light-driven daily signals, there is evidence that retinal circadian signaling may occur without light:dark stimulation. For example, in constant darkness, there are sub-regions of the SCN clock nuclei that express retina-driven circadian rhythms (Lee et al. 2003) . The retinorecipient zone of the SCN clock in hamsters shows circadian rhythms in the phosphorylation of the signaling kinase ERK, a molecule normally activated by retinal ganglion cell input to the SCN during light-resetting of the clock. The SCN ERK activation rhythms in DD were ablated upon enucleation, suggesting that they originate in the retina, rather than in the SCN itself. In addition, retinal signals in DD also appear to contribute to the maturation and functional organization of the brain's biological clock, as enucleation in DD during the first few weeks of life causes changes in the free-running period of locomotor rhythms in hamsters (Yamazaki et al. 2002) . Interestingly, ipRGC's have been shown to express clock genes (Liu et al. 2012) and their light responses are modulated with a circadian rhythm and by dopamine (Weng et al., 2009; Van Hook et al., 2012) , suggesting the possibility that the retina-driven rhythms observed in the SCN originate in the ipRGCs themselves, or in retinal neurons with synaptic input to the melanopsin-expressing ipRGCs (e.g. dopamine amacrine cells). In addition, it has been also reported that ipRGCs are the first cells in the retina to respond to light during development (Sekaran et al., 2005) and light pulses can induce c-fos in the ganglion cells at postnatal day 1 (Mateju et al., 2010) . Therefore ipRGGs may play a role in the entrainment of the circadian rhythm in the first days of postnatal life.
Finally compelling experimental evidence indicates that ocular rhythms do not depend from the presence of the SCN. Nevertheless, it is worth mentioning that although the rhythmic disk shedding persists after SCN removal (Teirstein et al., 1980) , this rhythm could not be entrained to a new light:dark schedule, suggesting that the SCN -or other brain area -may be involved in the regulation of this rhythm.
The Retinal Clock's in regulation of eye functions 6.1. Processing of Visual Information
Moving beyond the effects of the clock on individual cells and synapses, what is the global effect of the retinal circadian clock on visual function? The most consistent findings are that the retinal clock acts to bias the retina toward enhanced cone vision in the daytime and enhanced rod function in the nighttime. An extreme example of this effect, which illustrates the more general point, is the case of young zebrafish fry in which the cone synaptic ribbons are actually disassembled at night, preventing cone-mediated neurotransmission (Emran et al. 2010) . Since these newly-hatched fish have not yet developed a significant number of rod photoreceptors they are functionally blind at night during the first few days of freeswimming life. Synaptic transmission from their cones is turned off at night by circadian remodeling to the transmitter release apparatus, and they do not yet have sufficient functioning rods. Across a number of vertebrate species including fish, amphibians, birds and mammals, the retinal circadian clock has been shown to drive shifts in the rod-cone balance of vision such that cone vision is favored in the day phase and rod vision is favored at night (Wang and Mangel 1996; Krizaj et al. 1998; Manglapus et al. 1999; Ribelayga et al. 2008) .
Several investigations have demonstrated that the light-adapted (photopic) ERG is under control of the circadian clock (Barnard et al., 2006; Storch et al., 2007; Cameron et al., 2008; Jackson et al., 2012) , with higher B-wave amplitudes during the subjective day than the subjective night. In a very elegant study Storch et al. (2007) using retinal specific Bmal1 knock-out reported that these mice do not show any circadian rhythmicity of the lightadapted ERG. Since these mice possess a functional SCN (Storch et al. 2007 ) they concluded that circadian rhythmicity in the ERGs depends on the circadian clocks located within the retina. A similar result has been obtained in mice lacking Cryptochrome 1 and 2 (Cameron et al. 2008 ). An intriguing result was also reported in mice lacking melanopsin (Opn4 −/− ). It appears that the circadian rhythmicity of the cone isolated photopic ERG was lost in these animals with ERGs resembling a middle ground between 'day-time' and 'nighttime'-like (Barnard et al. 2006 ). This result suggests that ipRGCs are required to maintain ERG rhythmicity under circadian conditions. It also appears that melatonin controls the daily rhythms of the scotopic and photopic ERGs in C3H-f +/+ mice (Baba et al, 2009 ). The circadian regulation in the photopic ERG was abolished by targeted disruption of the MT 1 receptor, indicating that in melatonin-proficient mice MT 1 receptor signaling is required for the circadian regulation of the photic ERGs (Sengupta et al, 2011) . Interestingly, removal of the MT 1 receptors did not affect the circadian regulation of DA and DOPAC. Therefore, the loss of circadian regulation in the photopic ERGs observed in MT 1 −/− mice is not a consequence of the loss in the circadian regulation of DA and DOPAC. A possible explanation for these results may be found in a previous study that demonstrated altered photopic ERG responses in mice lacking melanopsin (Barnard et al., 2006) . Since MT 1 receptors are present on the ipRGCs (Sengupta et al, 2011) it possible that the lack of MT1 signaling may affect the circadian regulation of the photic ERG by acting on MT 1 receptors present on the ipRGCs A recent study investigated the effects of genetic depletion of retinal dopamine, by retinaspecific knockout of the key dopamine synthesizing enzyme tyrosine hydroxylase (rTHKO). Depletion of retinal dopamine blunts the circadian rhythm in the light-adapted ERG, reducing the normal daytime elevation of this cone-driven response (Jackson et al. 2012 , Figure 7 ). The regulation of the circadian ERG rhythm is mediated by dopamine D 4 receptors. The effect of dopamine depletion can be rescued by a specific D 4 receptor agonist and is phencopied in D 4 R knockout mice. Interestingly, a similar effect is observed on behaviorally measured contrast sensitivity in rTHKO mice, with a reduction in contrast sensitivity function during the daytime that is rescued by the D 4 R agonist and phenocopied in D 4 R knockout mice. This finding suggested that this aspect of vision is likely under circadian control as well, and a recent study demonstrated that contrast sensitivity, measured under photopic conditions, is indeed circadian with much higher sensitivity during the subjective daytime that the subjective night (Hwang et al., 2013) . In these mice with greatly reduced retinal dopamine, the retina appears to be perpetually locked in the nighttime state (e.g. low amplitude photopic ERG and reduced contrast sensitivity). Human patients with parkinsonian degeneration of dopaminergic neurons exhibit similar visual deficits in ERG and contrast sensitivity, suggesting that depletion of retinal dopamine may play a role in the visual symptoms of this neurodegenerative disease (Haug et al. 1994; Ikeda et al. 1994; Ingster-Moatiet al. 1996) . Thus, the overall retinal sensitivity to photopic light, contrast sensitivity, and the function of specific classes of ganglion cells is under circadian control by dopamine signaling.
Results with retina-specific dopamine knockout indicate that dopamine reconfigures the retina for enhanced responses to light in the presence of photopic backgrounds and enhanced contrast sensitivity during the day, as well as high-spatial resolution (Jackson et al., 2012) . Following genetic depletion of dopamine, the retina is essentially configured in its nighttime state in which photopic light responses, resolution and contrast sensitivity are low. Dark-adapted scotopic ERGs were normal in retinal dopamine depleted mice, while lightadapted photopic ERGs were reduced in amplitude and their circadian regulation disrupted by reduction of day-time b-wave amplitudes to night-time levels. Contrast sensitivity and visual acuity thresholds are also degraded in mice that cannot synthesize retinal dopamine. Thus, dopamine regulates the ability of the retina to respond in the presence of photopic background light, while modulating its sensitivity to contrast and spatial resolution. Retinal dopamine signaling is elevated in the circadian day, either as a consequence of rhythmic dopamine secretion driven by the retinal circadian clock, or as a result of diurnal or circadian rhythms in dopamine D4 receptor gene expression (Storch et al., 2007 , Jackson et al., 2011 Bai et al. 2008; Klitten et al., 2008) . In the light/dark cycles experienced in the natural environment, light-induced dopamine release would also enhance dopamine signaling during the day (Witkovsky 2004) . Interestingly, while the studies of the rTHKO mouse model found effects primarily on cone-mediated vision, dopamine also acts in a similar way to extend the operating range of rod signaling in the presence of background illumination (Herrmann et al., 2011) . Thus, from the most general perspective the dopamine signaling acts to enhance both rod and cone system performance in the presence of significant background light.
A second empirical generalization that has emerged regarding dopamine signaling in the retina, is that circadian dopamine signaling is mediated by D2 family receptors, whereas light-adapted dopamine signaling is mediated through D1 receptors (Jackson et al 2012) . Circadian retinal functions lost due to genetic depletion of retinal dopamine (photopic ERG amplitude and contrast sensitivity) are restored by D4 agonists, but not D1 agonists, while non-circadian aspects of dopamine mediated retinal function (acuity) are restored by D1 agonists, but not D4 (Jackson et al., 2012) . In addition, circadian changes in rod-cone coupling are mediated by D2-family receptors, whereas modulation of horizontal cell coupling, which is light-driven, not circadian, is mediated by D1 receptors. Rybelayga and Mangel (2008) , using tracer labeling in the mouse retina, were able to show that the retinal circadian clock also controls the extent and strength of rod-cone coupling by activating dopamine D 2 -like receptors during the day, so that rod-cone coupling is weak during the day but remarkably robust at night. In a separate study they showed that horizontal cell coupling was constant in circadian profile, but could be greatly reduced by light adaptation through dopamine D1 receptor signaling (Ribelayga and Mangel, 2003) . Thus, D2 family receptors, and in particular D4 receptors, can be considered as the "circadian signaling channel" for dopamine in the retina, and D1 receptors as the "light-adaptation signaling channel". This dichotomy likely originates from the higher sensitivity of D4 receptors and the fact that their gene expression is driven by the circadian clock, whereas D1 receptor expression is not (Jackson et al., 2011; Bai et al., 2008; Klitten et al., 2008) .
The circadian regulation of contrast sensitivity appears to involve a D 4 R ⇒ NPAS2 ⇒ cAMP signaling pathway in a subset of retinal ganglion cells (Hwang et al., 2013) . NPAS2 is a CLOCK homolog that heterodimerizes with BMAL1 and activates circadian E-box promoter elements. Using an NPAS2-lacZ reporter mouse, NPAS2 expression was localized to a subset of Brn3a-positive retinal ganglion cells, and Npas2 mRNA expression was robustly rhythmic in the ganglion cell layer (GCL), isolated by laser capture microdissection. The amplitude of the circadian rhythm of contrast sensitivity was significantly reduced in Npas2 −/− mice, by selectively reducing daytime contrast sensitivity. A remarkably similar reduction in the contrast sensitivity rhythm was observed in D 4 R knockout mice, in which the rhythmic expression of Npas2 was abolished. D 4 Rs regulate the circadian expression of Adcy1 (Jackson et al., 2011) , the gene that encodes the type 1 Ca 2+ / calmodulin-sensitive adenylyl cyclase (AC1). Mice with targeted deletion of Adcy1 also have a nearly identical reduction in the amplitude of the contrast sensitivity rhythm as in Drd4 −/− and Npas2 −/− mice, and the circadian rhythm of Adcy1 expression is abolished in the GCL of both Drd4 and Npas2 knockout mice (Hwang et al., 2013) . Moreover, NPAS2/ BMAL1 was shown to activate the E-box in the Adcy1 promoter in a heterologous expression system. These studies identify a subset of retinal cells and a molecular mechanism for the circadian regulation of contrast sensitivity (Figure 8 ). However, deletion of D 4 Rs, NPAS2, and AC1 only reduce the amplitude of the rhythm and do not abolish it. This indicates that other circadian clock mechanisms, possibly involving CLOCK/BMAL1 and other cell types yet to be determined, are involved in driving the circadian rhythm of contrast sensitivity (Figure 8 ).
Disk Shedding and Phagocytosis
The RPE is involved in many physiological functions that are key to maintain the health of the photoreceptor (Bok, 1993) . One of the most important and fascinating of the roles played by the RPE is the phagocytosis of the disks that are shed by photoreceptor outer segments. Rod photoreceptor outer segments (ROS) are continuously renewed by the assembly of new membranous disks at the base of the ROS and by displacing older disks at the top of the outer segment. These old disks are then shed from the apical tip of the ROS (Young, 1967) . The shed ROS fragments are then engulfed, phagocytized, and degraded by the RPE. Disk shedding and phagocytosis occur every day in a synchronized fashion shortly after the onset of light for rod photoreceptors (Besharse et al., 1977) , and at the onset of night for cones (Young, 1978) . The rhythms of disk shedding and phagocytosis persist in constant darkness, indicating that they are under control of circadian clocks (LaVail, 1976; Teirstein et al., 1980; Terman et al., 1993; Grace et al., 1996) . Experimental evidence indicates that the circadian clock controlling disk shedding is located in the eye, possibly in photoreceptors (Teirstein et al., 1980 , Terman et al., 1993 . However, it must be noted that the photoreceptors are not the sole controller of disk shedding since it has been reported that close approximation of photoreceptors and RPE is necessary before the disk shedding can occur (Matsumoto et al., 1987; Williams and Fisher, 1987) and lysosomal fusion in the RPE can be triggered by light and circadian signals (Bosch et al., 1993) . A recently published paper has shown that the diurnal rhythm in exposure of phosphatidylserine by rod outer segments, which appears to play role in disk shedding and phagocytosis, is not entirely controlled by the photoreceptors, but RPE cells participate in the synchronization of this process (Ruggiero et al., 2012) . The mechanism by which the circadian clock controls the circadian rhythm in disk shedding and phagocytosis is not fully understood but it is believed to involve the activation of the of αvβ5 integrin receptors, the FAK-MerTK signaling pathway (Finneman et al., 2003 ,Nandrot et al., 2004 and -possibly -phosphoinositide signaling (Mustafi et al., 2013) .
Finally, emerging evidence has shown that the RPE contains an autonomous circadian clock that controls the circadian rhythms in PER2::LUC bioluminescence (Baba et al, 2010, Figure 9 ). In conclusion, further studies are required to fully understand the mechanisms by which the circadian rhythms disk shedding and phagocytosis are regulated.
Intraocular Pressure
A large number of studies have demonstrated that intraocular pressure (IOP) of rabbits, rats, chicks, marmosets, and mice show a daily pattern when the animals are maintained in a 12hour light-dark cycle (Rowland et al., 1981; Moore et al., 1996; Nickla et al., 1998; Aihara et al., 2003) and in rabbits, rats and mice this daily pattern persists when the animals are maintained in constant darkness (Rowland et al., 1981; Moore et al., 1996) . The daily and circadian variation in IOP has been also reported in humans (Liu et al., 1998) .
Several factors are involved in the regulation of 24-hour rhythm in IOP. Sympathetic nerves are thought to play an important role because neuronal impairment abolishes day-night variations in IOP (Braslow and Gregory, 1987; Liu et al., 1991; Yoshitomi et al., 1991) . Melatonin is also involved in the regulation of IOP (Samples et al., 1988; Osborne and Chidlow, 1994; Pintor et al., 2001; Wiechmann and Wirsig-Wiechmann, 2001) .
To investigate the relationship between IOP rhythm and the circadian clock, a study investigated 24-hour profiles of IOP in Cry1/Cry2-double knockout mice, which are behaviorally arrhythmic (van der Horst et al. 1999) . The authors reported that IOP measurements of Cry-deficient mice were constant throughout the day regardless of environmental light conditions (Maeda et al., 2006) . Although this study provided evidence that a functional circadian clock is required for the generation of the daily and the circadian rhythm of IOP, it does not provide any indication whether the SCN or others ocular clocks (i.e., the retina or the ciliary body clock) control this rhythm. Another study in the mouse reported that the 24-hour IOP rhythm is abolished under constant exposure to light (Aihara et al., 2003) . Since exposure to LL induces arrhythmicty in the SCN, this study also does not provide any insight on the location of the circadian clock controlling the rhythm IOP.
Finally, a recent study has shown that the mean IOP levels were higher during the night in mice lacking MT 1 receptors (MT 1 −/− ) than in the wild-type mice, but not during the day (Alcantara-Contreras et al., 2011) . In addition, administration of exogenous melatonin in wild-type mice reduced IOP at night but not during the day further suggesting that the action of melatonin on the IOP may be gated by the circadian clock.
In conclusion, the available data do not provide any insight whether the circadian rhythm in IOP is driven by the retinal circadian clock of by a circadian clock located elsewhere.
The Retinal Clock's Potential Role in Eye Disease
The widespread control of retinal signaling, metabolism, and gene expression exerted by the retinal circadian clock suggests that the retinal molecular clockworks, or its output signals, may contribute to retinal disease and pathology, as well as normal retinal function. This is an area just beginning to be explored at the molecular level, but previous studies have shown that there is circadian modulation of photoreceptor vulnerability to light-induced degeneration (Organisciak et al. 2000) , and melatonin signaling has been shown to affect photoreceptor viability (Wiechmann and O' Steen, 1992; Sugawara et al., 1998; Baba et al., 2009) , and to promote ganglion cell survival during aging (Baba et al. 2009 ). Trophic signaling by the retinal clock and its outputs seem to play a role in the regulation of eye growth and refractive errors. Disruption of retinal dopamine rhythms causes myopic changes in the chicken eye (Stone et al., 1989; Rohrer et al. 1993; Weiss and Schaeffel 1993; Bartmann et al. 1994; Guo et al. 1995; Feldkaemper et al. 1999) . Visual form deprivation, which induces myopia, decreases retinal dopamine (Stone et al., 1989) and disrupts daily rhythms of eye growth (Weiss and Schaeffel, 1993) . Expression profiling in chicken retina/ RPE has also shown altered circadian clock gene and melatonin receptor expression in lensinduced myopia (Stone et al., 2011) . Similar dopamine-and circadian clock-dependent eye growth regulatory mechanisms likely operate in the mammalian retina (Iuvove et al., 1989; Iuvone et al., 1991; Pardue et al., 2013; Stone et al. 2013) . Emerging evidence also suggests that Period genes may play a role in the regulation of vascularization signals in the retina in disease models of diabetic retinopathy (Bhatwadekar et al. 2013) . Given that retinal clock gene expression is disrupted in proliferative neovascularizing diseases (Busik et al. 2009 ), this link may prove to be an important pathway for therapeutic intervention in these conditions. In this regard, decreases in retinal dopamine have been shown to contribute to visual dysfunction in early diabetes in mice and rats, and progression of the visual dysfunction can be retarded by treating with the dopamine precursor, L-DOPA (Aung et al., 2013) .
Two recent studies have implicated clock genes (i.e, Rev-erb alpha and Rora) in retinal functioning (Mollena et al., 2011) and age-related macular degeneration (Jun et al., 2011) . Mice lacking Period1 and Period2 show significant alteration in the distribution of cone photoreceptors and a significant reduction in the levels of cone opsin mRNA and protein (Ait-Hmyed et al., 2013) . These observations -together with the previously mentioned study on the expression of clock proteins in mouse cones (Liu et al., 2012) and the regulation of the photopic ERGs (Barnard et al., 2006; Storch et al., 2007; Sengupta et al., 2011) suggest that in the mammalian retina cone photoreceptors may indeed be major contributors to the retinal circadian clock network.
The lack of circadian ROS disk shedding and RPE phagocytosis impairs retinal and RPE functions. In young mice lacking the β5 integrin subunit in the RPE, retinal morphology and the ERG are no different from those in wild-type mice. However during the aging process β5 −/− mice lose cone and rod photoreceptors and the functioning of these cells is significantly impaired (Nandrot et al., 2004) . Thus, loss of the daily rhythm in RPE phagocytosis leads to reduced viability of photoreceptors during aging.
Although it is unclear if circadian clocks are involved, we should mention that in mice lacking Clock or Bmal1 gene there is a significant increase in the rate of cataract development during aging (Kondratov et al., 2006; Dubrovsky et al., 2010) .
Future Directions
Among vertebrate neural circadian clocks the retina represent a unique structure. It contains a complete circadian system -mechanisms for circadian phototransduction, rhythm generation and rhythmic outputs to signal circadian time both within and downstream of the retina. Thus, the retina represents an ideal model to study fundamental questions of how neural circadian systems are organized and what signaling pathways are used to maintain synchrony with the different structures in the system. Furthermore, several studies have shown that multiple sites within the retina are capable of generating circadian oscillations. The strength of circadian clock gene expression, and the emphasis of rhythm expression is divergent across vertebrate retinas, with photoreceptors as the primary locus of rhythm generation in amphibians, while in mammals clock activity is most robust in the inner nuclear layer. Melatonin and dopamine serve as signaling molecules to entrain circadian rhythms in the retina and also in other ocular structures. Recent studies have also suggested GABA as an important component of the system that regulates retinal circadian rhythms. These transmitter-driven influences on clock molecules apparently reinforce the autonomous transcription-translation cycling of clock genes.
The molecular organization of the retinal clock is similar to what has been reported for the SCN although inter-neural communication among retinal neurons that form the circadian network is apparently weaker than those present in the SCN, suggesting that it is more sensitive to genetic disruption than the central brain clock. Thus, the retinal circadian clock is similar in its molecular constituents to other tissue circadian clocks, but lacks the genetic and cellular buffering against perturbation that is characteristic of the SCN.
A large number of studies over the last twenty years have demonstrated that the retinal circadian clock extends its influence on many retinal functions. The melatonin-dopamine system is the signaling pathway that allows the retinal circadian clock to reconfigure retinal circuits to enhance light-adapted cone-mediated visual function during the day and darkadapted rod-mediated visual signaling at night. Additionally, the retinal circadian clock also controls circadian rhythms in disk shedding and phagocytosis, and possibly IOP.
The circadian clock is also implicated in the pathogenesis of eye disease and compelling experimental data indicate that dysfunction of the retinal circadian system negatively impacts photoreceptors, RPE, RGCs, and, possibly, the cornea and the lens. The available data indicate that the negative impact of circadian rhythm dysfunctions -either by genetic or environmental cause -is likely to emerge during aging of the retina and its circadian clock.
We believe that there are still several questions that need to be addressed about the functioning of this fascinating circadian system. These questions include determining which of the several genetically competent cell populations in the retina are true clock cells, if and how their rhythms are coordinated, and the action of the circadian clock on specific retinal circuits and functional modules by which it modulates vision. Finally more research is needed on the impact of the retinal clock dysfunction on ocular health.
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Figure 1. The circadian clock system in the mammalian retina controls several functions
Many studies have shown that rhythms in the eye are under direct control of the retinal circadian clock system. Recent studies have also indicated that the many different cell types within the eye contain circadian clocks that interact to modulate many ocular functions. Shown here are several known circadian processes in the retina and the eye, with their approximate location identified by retinal layer. RPE = retinal pigment epithelium, ONL = outer nuclear layer, INL = inner nuclear layer, GCL = ganglion cell layer.
Figure 2. The molecular mechanism generating the circadian oscillation is composed of two feedback loops
In the positive feedback loop the transcription factors Bmal1 and Clock activate the transcription of Period (Per) and Cryptochrome (Cry) genes, as well as that of clockcontrolled genes (CCGs). In the cytoplasm, PERIOD and CRYPTOCHROME proteins heterodimerize, enter the nucleus and interact with BMAL1/CLOCK, inhibiting the transactivation of their own promoters (negative feedback). BMAL1 and CLOCK also stimulate the transcription of Rev-Erba and Rora (Adapted from Tosini et al., BioEssays, 2008) . Simplified core clock gene diagrams as in Figure 1 . Genes and action lines shown in red depict genes which when knocked out individually severely attenuate clock function in retina or SCN, while knockout of those shown in green has minimal effect. Note that the retinal clock is more vulnerable to single gen knockouts than the SCN.
Figure 5. Neurochemical Outputs of the Retinal Circadian Clock
Melatonin secreted from photoreceptors at night (black) modulates both the scotopic (darkadapted) and photopic (light-adapted) ERG b-wave. This is denoted as arrows to rod and cone bipolar cells, which are the primary site of production of the scotopic and photopic bwaves, respectively, although the sites of action for these effects may include other cells. Melatonin also antagonizes dopamine release from dopaminergic amacrine cells. Clockdriven dopamine release during the day phase of the retinal circadian rhythm (red) acts to uncouple the electrical synapses between rods and cones, to increase the amplitude of the photoptic ERG b-wave, and to antagonize melatonin release. Light-driven dopamine release (yellow) has the additional effects of uncoupling AII amacrine cells and horizontal cells, as well as increasing the amplitude of the ERG b-wave and decreasing the amplitude intrinsically photoreceptive ganglion cell responses.
Figure 6. Regulation of retinal melatonin levels by light and the circadian clock
During the night cAMP levels in the photoreceptors are elevated thus activating PKA and Aanat gene transcription. Phosphorylated AANAT (pAANAT) associates with 14-3-3 proteins, which activate and stabilize the enzyme resulting in increased conversion of serotonin to N-acetylserotonin, and ultimately to melatonin. Light at night exposure decreases cAMP levels resulting in dephosphorylation of AANAT and its subsequent degradation by proteasomal degradation. The circadian clock controls melatonin levels by directly regulating Aanat transcription and by gating the cAMP signaling cascade (adapted from Tosini et al., Exp. Eye. Res. 2013 ). A model for mid-day contrast sensitivity regulation. Dopamine, through a D4 receptor pathway, regulates the rhythmic expression of Npas2 in the GCL. NPAS2 in the retinal ganglion cells regulates the rhythmic expression of the Adcy1 gene in the GCL, which ultimately modulates day-time contrast sensitivity. CLOCK, in part through an Adcy1 independent mechanism, also regulates the circadian rhythm of contrast sensitivity.
(Adapted from Hwang et al., J. Neurosci. 2013) 
